Rationale and objectives Alcohol and nicotine are the most commonly abused drugs, and they are often taken together. We have developed a procedure in which rats selfadminister nicotine intravenously and alcohol orally during the same operant session. Methods Male Wistar rats were trained to self-administer alcohol (12%, w/v; 0.19 ml/alcohol delivery) or implanted with jugular catheters and trained to self-administer nicotine (30 μg/kg i.v./infusion) by pressing a lever or were trained to self-administer both drugs, some with alcohol first, and others with nicotine first. The effects of extinction of responding for either or both drugs in animals trained to coadminister alcohol and nicotine and the effects of alcohol and nicotine primes on reinstatement were also determined. Results Animals readily coadministered alcohol and nicotine concurrently. Access to alcohol reduced nicotine selfadministration significantly. When responding for alcohol was extinguished with nicotine still available, extinction of alcohol seeking was slowed significantly. In rats trained to coadminister nicotine and alcohol, priming with nicotine or alcohol reinstated extinguished responding for both drugs. Reinstatement of extinguished nicotine or alcohol seeking by, respectively, nicotine or alcohol priming was unaffected by continued access to the other drug. Conclusions These results show that rats will selfadminister relevant amounts of intravenous nicotine and oral alcohol concurrently. They also provide further support for the important relationship between nicotine and alcohol.
Alcohol and nicotine are often taken together. It has been estimated that 70-80% of alcoholics smoke, a rate three times higher than in the general population (DiFranza and Guerrera 1990) . Nonalcoholic drinkers are also more likely to smoke (Kandel et al. 1997) . Research using a variety of different approaches provides support for the idea that this relationship is biologically based Little 2000) . Genetic studies in humans have established that the liability to use either drug or both drugs is co-inherited (Dani and Harris 2005) . In agreement with this clinical work, we have shown that strains of rats selected for high alcohol drinking self-administer more nicotine than strains selected for low consumption .
The effects of nicotine administration on alcohol intake have been investigated in laboratory rodents. The most common findings are that repeated or chronic administration of nicotine to rats increases home cage intake and operant selfadministration of alcohol (Le et al. 2000; Olausson et al. 2001) . Other groups have, however, reported decreases in alcohol intake with repeated nicotine injection (Sharpe and Samson 2002) . Using the reinstatement procedure, we reported that acute administration of nicotine reinstates extinguished responding for alcohol (Le et al. 2003) . The effects of alcohol administration on nicotine intake in rodents are not known.
Although these studies demonstrate a relationship between nicotine and alcohol self-administration, their relevance is limited. In humans, both drugs are voluntarily selfadministered. With the exception of one study that examined oral consumption of alcohol and nicotine solutions in a twobottle choice procedure (Marshall et al. 2003) , the animal studies to date have determined the effects of passive administration of nicotine or alcohol on self-administration of the other. Nicotine, alcohol, and other drugs of abuse are known to have different behavioral and biological effects depending on whether they are self-administered or administered passively (Donny et al. 2000; Stefanski et al. 1999; Wilson et al. 1994) .
Since alcohol and nicotine interact in the production of their rewarding effects, there is a challenge in terms of treatment design in cases of comorbidity. The few clinical studies that have addressed this have produced mixed results (Hays et al. 1999; Kozlowski et al. 1989; Stuyt 1997) . Another important issue that has received little attention is how alcohol-dependent patients respond to pharmacological agents used to treat nicotine addiction and vice versa. For example, the opiate antagonist naltrexone, used to treat alcohol dependence (O'Brien et al. 1996) , has been shown to have conflicting effects on smoking with some studies reporting reductions (Wong et al. 1999) , while others report increases in the urge to smoke (Krishnan-Sarin et al. 1999) .
To help address these issues, we have developed a procedure in which rats have the opportunity to selfadminister nicotine intravenously and alcohol orally during the same operant sessions. We first compare responding and intake in animals trained to self-administer alcohol or nicotine alone with animals trained to coadminister both drugs. We also determine whether the order of training (alcohol or nicotine first) affects coadministration. Then, in animals trained to coadminister alcohol and nicotine, we determine the patterns of extinction of responding when one or both drugs are withheld. Lastly, we examine the effects of priming doses of alcohol or nicotine on reinstatement in animals trained to coadminister nicotine and alcohol that were subject to these different extinction conditions.
Materials and methods

Animals
Male Wistar rats, 150-200 g, were obtained from Charles River, Montreal, QC, Canada, and allowed to acclimatize to the animal facility for 1 week prior to the experiments. Animals were individually housed and given free access to standard lab chow and tap water. The vivarium temperature was 21°C, and lights were on from 7A.M. to 7 P.M. The experimental procedures followed the "Principles of laboratory animal care" (NIH publication no. 85-23, 1996) and were approved by the local animal care committee.
Implantation of intravenous catheters
Rats were anesthetized using a ketamine/xylazine mixture (75 mg/kg ketamine/10 mg/kg xylazine). Incision sites were treated with a local anesthetic (0.1 ml bupivacaine, 0.125%, s.c.). Buprenorphine (0.01 mg/kg, s.c.) was administered as an analgesic, and penicillin (30,000 U, i.m.) was used as an antibiotic treatment. Catheters were implanted into the right jugular vein as previously described (Corrigall and Coen 1989; Le et al. 2006) . The catheter exited between the scapulae and was attached to the modified 22-gage cannula that connected to the fluid swivel system during nicotine self-administration. The rats were allowed to recover from surgery for 6-8 days. Catheters were flushed daily with 0.1 ml of a sterile heparin-saline solution (50 U/ml) to maintain patency. Rats received weekly tests of catheter patency with i.v. injections of sodium methohexital (0.15 mg/kg).
Apparatus
Self-administration of nicotine or alcohol alone or coadministration was done in 16 chambers housed in soundattenuating boxes operated by a Med Associates (Georgia, VT, USA) interface system. The interior dimensions of the Plexiglas chambers were 30×21×21 cm. In the case of selfadministration of alcohol or nicotine alone, only one lever was extended. Appropriate responding activated an infusion pump (Razel Sci., Stamford, CT, USA) in the case of alcohol for 5 s delivering 0.19 ml of 12% (w/v) alcohol into a drinking receptacle or for 0.5 s delivering 30 µg/kg nicotine/infusion via the intravenous catheter. The chambers were also equipped with a red house light located near the top of the chamber opposite the lever and a white cue light located above the lever. During coadministration sessions, the chambers were equipped with two infusion pumps, one that delivered alcohol into the drinking receptacle and one that delivered i.v. nicotine. The two levers were extended during coadministration sessions. Appropriate responding on one of the levers resulted in i.v. nicotine delivery and, on the other, alcohol delivery into the receptacle. In all of the experiments, nicotine reinforcements were accompanied by a continuously illuminated white cue light, while alcohol reinforcements were accompanied by a flashing white cue light (0.5 s on, 0.5 s off) during the timeout periods (described below). The orientation of the nicotine and alcohol-associated levers (right or left) was counterbalanced across animals in the coadministration groups.
Drugs
Nicotine solutions (Sigma) were prepared daily using sterile saline, and pH was adjusted to 6.8-7.2. The unit doses for nicotine self-administration were 30 μg/kg/infusion, expressed as base (Corrigall and Coen 1989; Le et al. 2006; Shoaib and Stolerman 1999) . Alcohol (Commercial Alcohols Incorporated, Tiverton, ON, Canada) was diluted with tap water. The self-administration dose of alcohol was 0.19 ml of 12% (w/v) alcohol per reinforcement. These doses of nicotine and alcohol are commonly used in studies on self-administration (Caggiula et al. 2002; Corrigall and Coen 1989; Heyser et al. 2003; Le et al. 2000) . For the reinstatement study, the priming dose of nicotine used was 0.15 mg/kg s.c. (Shram et al. 2008 ) and for alcohol was one noncontingent delivery of alcohol in the same volume and concentration as used during self-administration.
Data analysis and presentation
In experiments 1 and 2, nicotine and alcohol reinforcements were analyzed with mixed analysis of variance (ANOVA), using the between factor of group and within factor of day. In experiment 3, nicotine and alcohol infusions during the self-administration phase were analyzed with mixed ANOVAs with the between factor of group and the within factor of training phase and day, or in the case of analysis of responding in 5-min intervals, the within factor of interval. In the studies involving the effects of drug access on extinction or reinstatement (experiments 3a and 3b), nicotine or alcohol infusions and active lever presses were analyzed separately with mixed two-way ANOVAs with the between factor of extinction condition and within factor of day. Significant effects from ANOVA (p values<0.05) were followed by post hoc tests using the Newman-Keuls procedure.
In the experiments involving the self-administration of alcohol, the volume of unconsumed alcohol left in the drinking well was recorded and used to calculate the numbers of reinforcements consumed, and these values were used for presentation and analysis. We note here that only a small minority of rats do not consume all of the delivered alcohol. The overall mean volume of unconsumed alcohol measured in the experiments involving alcohol self-administration was 0.2±0.05 ml. Twelve rats were excluded from analysis as they consumed less than 0.4 g/kg/h alcohol during the alcohol training phases of the experiments.
Experimental procedures
The designs of the three experiments are shown in Fig. 1 .
Experiment 1: coadministration of nicotine and alcohol in animals trained to self-administer alcohol first Forty-four rats were assigned to one of three groups.
Alcohol alone Rats received daily limited access sessions (30 min) with the choice between water and alcohol in Richter tubes in distinctive chambers in a separate room. Alcohol was provided in escalating concentrations-3% for the first 5 days, 6% for the next 5 days, and 12% for the last 10 days. Rats were then trained to lever press for alcohol (12%, w/v) in the self-administration chambers during daily 1-h sessions. Lever presses were initially reinforced under a fixed ratio 1 (FR-1) reinforcement schedule for 10 days. Subsequently, the response requirement was increased to an FR-2 for 5 days and then to an FR-3 for 10 days. At the start of the sessions, the red house light was turned on and one of the retractable levers was extended. Appropriate responding on it resulted in alcohol delivery, after which a timeout period occurred, during which further responding was recorded but was without consequence. Alcohol deliveries were accompanied by a flashing white cue light above the lever that persisted through the timeout period. During the initial training at FR-1, in order to speed training, the timeout period was 5 s. At FR-2 and FR-3, the timeout was lengthened to 30 s. After responding for alcohol stabilized, rats in this group were given sham i.v. surgery, where they were anesthetized, received incisions on the neck, and overlying the scapular region that were then sutured, as in animals catheterized for nicotine self-administration. After 7-10 days of recovery, they received further training with alcohol self-administration at FR-3 for 15 days.
Nicotine alone Animals were trained to self-administer alcohol as above and after stable responding at FR-3 were implanted with intravenous catheters. After recovery, the rats were trained to self-administer nicotine (30 μg/kg per infusion) for 1 h/day for 24 days. For the first 10 days, active lever responding was reinforced under a FR-1 schedule, the next 6 days at FR-2, and then under FR-3 for 15 days. At the start of the sessions, the red house light was turned on, one of the retractable levers was extended. Each nicotine infusion was accompanied by a 30-s timeout during which responses were recorded but did not lead to drug delivery; during the timeout, the white cue light remained illuminated.
For both of these experimental groups, after delivery of alcohol or nicotine, the levers retracted for the duration of the 30-s timeout period. Fig. 1 Illustration of the nicotine and/or alcohol training regimens used in experiments 1 (a), 2 (b), and 3 (c). Animals receiving nicotine training self-administered it at a dose of 30 μg/kg/infusion at a final ratio of FR-3. For animals receiving training with alcohol, the final self-administered dose was 0.19 ml of 12% (w/v) alcohol/delivery at FR-3
Coadministration All rats were first trained to first selfadminister alcohol as described above. Once stable responding for alcohol self-administration at FR-3 was obtained, they were implanted with i.v. catheters, allowed to recover for 7-10 days and then were trained to selfadminister nicotine to a final ratio of FR-3 as described above for the nicotine alone group. Animals then started nicotine and alcohol coadministration, each at FR-3. During this phase, a 30-s timeout period also occurred after delivery of nicotine or alcohol; during the timeout, both levers retracted. The coadministration phase was conducted daily for 15 days.
Experiment 2: coadministration of nicotine and alcohol in animals trained to self-administer nicotine first Forty rats were trained to self-administer sucrose orally in five daily 1 h sessions in order to speed the learning of the operant response. They were then assigned to one of three groups.
Coadministration Animals received i.v. surgery and after 7-10 days recovery were trained to self-administer nicotine (30 µg/kg per infusion) at FR-1, FR-2, and FR-3 for 8, 3, and 11 days, respectively. They were then trained to selfadminister alcohol alone beginning with 3% alcohol at FR-1 (8 days), FR-2 (3 days), and FR-3 (6 days), followed by 6% alcohol at FR-3 (5 days) and then 12% alcohol at FR-3 for the rest of the experiment. After animals showed stable responding for 12% alcohol at FR-3, they received sessions with concurrent access to alcohol and nicotine (both at FR-3). Animals were run under these coadministration conditions in daily sessions for 2 weeks.
Alcohol alone Animals received sham i.v. surgery and after 7-10 days of recovery were trained to self-administer 3% alcohol at FR-1, FR-2, and FR-3 for 8, 3, and 3 days, respectively; 6% alcohol at FR-3 for 5 days; and finally 12% alcohol at FR-3 for the rest of the experiment.
Nicotine alone Animals were implanted with i.v. catheters and after recovery were trained to self-administer nicotine (30 μg/kg per infusion) using the same parameters and schedule described for nicotine training in the coadministration group.
Experiment 3: extinction and reinstatement in rats with concurrent access to alcohol and nicotine Training for coadministration Forty-eight rats were first trained to self-administer alcohol (0.19 ml of 12%, w/v alcohol), received i.v. surgery and recovery, and were then trained to self-administer nicotine alone (30 µg/kg per infusion) as described for experiment 1. After animals showed stable responding for nicotine at FR-3, they received sessions with concurrent access to alcohol and nicotine. After delivery of each alcohol or nicotine infusion, a 30-s timeout period occurred; during the timeout, both levers retracted. Alcohol reinforcements were paired with a flashing white cue light and nicotine with a continuously illuminated light for the duration of the timeout period. Animals were run under these coadministration conditions in daily sessions for 3 weeks prior to the start of extinction.
Experiment 3a: extinction of nicotine and/or alcohol self-administration in animals trained to self-administer both drugs concurrently Animals were assigned to one of three groups matched on responding for alcohol and nicotine. In the first group, alcohol self-administration was extinguished while nicotine self-administration was maintained. In the second, nicotine self-administration was extinguished while alcohol selfadministration was maintained. In the third group, both alcohol and nicotine self-administration were extinguished. The conditions during this phase were the same as during coadministration, except that drug infusions were withheld in the groups where nicotine and/or alcohol responding was extinguished. The drug-associated cue lights were also present during these extinction sessions. Animals were run under these extinction conditions in daily sessions for 15 days.
Experiment 3b: reinstatement induced by priming with nicotine or alcohol
After the 15 days of extinction in the animals in experiment 2a, the effects of priming injections of nicotine or alcohol on reinstatement of responding for the extinguished drug and on self-administration of the remaining drug were examined.
Nicotine (0.15 mg/kg, s.c.) was injected 15 min prior to the test sessions in rats in the group in which both nicotine and alcohol was extinguished and in the group with nicotine extinguished that continued to have alcohol available. A single noncontingent infusion of alcohol (0.19 ml; 12%, w/v) was delivered into the drinking cup at the beginning of the test sessions in the group in which responding for both drugs was extinguished and the group where only alcohol was extinguished, with nicotine available.
Nicotine or alcohol was given in a counterbalanced manner with two to three extinction days between each test.
Prior to beginning the priming tests, rats received three daily s.c. injections of saline in order to habituate them to the injection procedure. Before testing the effects of each drug on self-administration and/or reinstatement of extinguished responding, a baseline test after a saline vehicle injection was determined. The cues previously associated with nicotine or alcohol self-administration were present during extinction and the reinstatement tests.
Results Table 1 shows the alcohol and nicotine intake of animals in the three experiments.
Experiment 1: coadministration of nicotine and alcohol in animals trained to self-administer alcohol first Figure 2 shows the daily responding of animals trained to self-administer nicotine or alcohol alone (a) or to coadminister nicotine and alcohol (b). A mixed ANOVA with the within factor of day (1 to 15) and between factor of group (nicotine alone, nicotine with alcohol access) done on numbers of nicotine reinforcements revealed a significant main effect of day (F(14, 392)=3.377, p<0.05) and group (F(1, 28)=5.146, p<0.05), as animals coadministering nicotine and alcohol received significantly fewer nicotine reinforcements than those self-administering nicotine alone. The complementary analysis done on alcohol reinforcements showed a significant effect of day (F(14, 350)=1.82, p<0.05), but no effect of group or interaction, indicating that concurrent access to nicotine did not affect the numbers of alcohol reinforcements received and consumed.
Experiment 2: coadministration of nicotine and alcohol in animals trained to self-administer nicotine first Figure 3 shows the reinforcements obtained by animals trained to self-administer nicotine or alcohol alone (a) or to self-administer nicotine and then alcohol and then given access to both (b) over 14 self-administration sessions. The mixed ANOVA with the within factor of day (1 to 14) and between factor of group (nicotine alone, nicotine with alcohol access) done on numbers of nicotine reinforcements revealed a significant main effect of group (F(1, 19)=4.88, p<0.05), as overall animals coadministering alcohol and nicotine self-administered less nicotine than those selfadministering it alone. There were no significant main effects of day or group or interaction in the mixed ANOVA done on alcohol reinforcements in animals trained to selfadminister alcohol alone or to coadminister both drugs.
A. Self-administration of nicotine or alcohol Reinforcements (1h) Self-administration day * Fig. 2 Nicotine or alcohol self-administration and coadministration of both drugs in animals trained to self-administer alcohol first. a Mean (± SEM) numbers of reinforcements earned by animals trained to selfadminister nicotine (30 µg/kg/infusion, N=11) or alcohol (0.19 ml of 12%, w/v; N=11) alone at FR-3 in 1-h daily sessions. b Mean reinforcements in animals coadministering both drugs (N=12). In this experiment, eight rats were excluded due to catheter blockage and one due to low alcohol consumption. *p<0.05, significant main effect of group Experiment 3: extinction and reinstatement in rats trained to self-administer alcohol and nicotine concurrently Figure 4a shows responding for alcohol and nicotine during the last 3 days of training for, respectively, selfadministration of alcohol and nicotine alone and then when animals were given the opportunity to coadminister both drugs. The reintroduction of alcohol significantly reduced responding for nicotine, as shown by a repeated measures analysis done on the mean numbers of nicotine reinforcements obtained by rats in the 3 days prior to the reintroduction of alcohol and the 15 days after (F(15, 542)=4.11, p<0.05). Post hoc analysis revealed that this was due to significant reductions in responding for nicotine on each of the 15 days after alcohol was reintroduced (p's<0.05). Analysis of alcohol reinforcements in the 15 days of coadministration revealed a significant effect of day, as there was a decrease in the numbers of reinforcements across the coadministration sessions (F(14, 508)=7.27, p<0.05).
In order to provide more detail on the relationship between nicotine and alcohol self-administration in animals coadministering the two drugs, we show in Fig. 4b and c the numbers of nicotine and alcohol reinforcements in 5-min intervals earned by animals self-administering alcohol (day −2) or nicotine (day 3) alone (b) and by animals self-administering both concurrently (day 11; c). Fig. 4 Training for coadministration of nicotine and alcohol. a Mean (± SEM) reinforcements of nicotine and alcohol obtained prior to (days −3 to 3) and after (days 4 to 18) initiation of coadministration sessions. Days −3 to −1 show the numbers of alcohol reinforcements on the last 3 days of training with alcohol (0.19 ml; 12%, w/v) alone at FR-3. On days 1-3, the mean numbers of nicotine reinforcements (30 μg/kg/infusion) earned on the last 3 days of training for nicotine self-administration at FR-3 are shown. The break in the graph depicts the interval during which i.v. surgery, recovery, and the initial training for nicotine self-administration occurred (30 days). b Mean alcohol and nicotine reinforcements obtained by animals on days −2 (alcohol) and 3 (nicotine) depicted in 5-min intervals. c Mean reinforcements obtained by animals trained to coadminister alcohol and nicotine on day 11 of coadministration in 5-min intervals. For all graphs, N=34. *p< 0.05, significantly different from the average number of nicotine reinforcements on days 1-3; +p<0.05, significantly different from preceding intervals for alcohol; #p<0.05, significantly different from preceding intervals in nicotine alone group Nicotine or alcohol self-administration and coadministration of both drugs in animals trained to self-administer nicotine first. a Mean (± SEM) reinforcements earned by animals trained to self-administer nicotine (N=10) or alcohol (N=12) alone at FR-3 in 1-h daily sessions. b Mean reinforcements in animals coadministering both drugs (N=12). Six animals were excluded from analysis due to catheter blockage. *p<0.05, significant main effect of group They were selected to be representative of days involving self-administration of single drugs and of coadministration. Due to a problem with the data extraction program, only these days had interval data from all animals. Mixed ANOVAs with the within factor of interval (5-60 min) and between factor of group (single drug alone, coadministration) were done separately on nicotine and alcohol reinforcements. For both nicotine and alcohol reinforcements, there was a significant effect of group (nicotine: F(1, 65)=7.45; alcohol: F(1, 66)=24.69, p's< 0.05), as overall animals coadministering both drugs received fewer reinforcements than when they were selfadministering either drug alone. There were also significant group×interval interactions in these analyses (nicotine: F (11, 65)=1.98; alcohol: F(1, 66)=17.92, p's<0.05), which were followed by separate ANOVAs on alcohol and nicotine reinforcements for each of the different drug and coadministration conditions with the within factor of interval. The factor of interval was significant for both nicotine and alcohol alone (alcohol: F(11, 33)=62.17, p< 0.05; nicotine: F(11, 32)=4.46, p<0.05). Post hoc analyses showed that for alcohol, the 5-, 10-, and 15-min intervals were significantly higher than all succeeding intervals, while for nicotine alone, responding was higher in the first 5 min of the session compared to intervals 10 to 50 min (b).
Overall, animals received fewer nicotine and alcohol reinforcements under conditions of coadministration (Fig. 4c) . Animals received the highest numbers of alcohol reinforcements during the first 10 min of the session; this was reflected in a significant effect of interval (F(11, 33)= 9.47, p<0.05). Post hoc analysis showed that numbers of alcohol reinforcements at 5 and 10 min were significantly higher than all succeeding intervals (p's<0.05). The numbers of nicotine reinforcements earned per 5-min period did not vary significantly as a function of interval during coadministration.
Experiment 3a: extinction of nicotine and/or alcohol seeking in rats with concurrent access to the two drugs Extinction of responding for both drugs resulted in comparable and significant decreases in numbers of lever presses on the nicotine and alcohol associated levers (Fig. 5a) , as shown by separate ANOVAs with the within factor of day (baseline, extinction days 1-15) done on numbers of responses made on the levers previously associated with nicotine and alcohol (nicotine lever: F(15, 191)=11.61; alcohol lever: F(15, 191)=16.14, p's<0.05).
In the group in which responding for nicotine was extinguished but alcohol access was maintained, numbers of lever responses for nicotine decreased significantly (b). An ANOVA with the within factor of day (baseline, extinction days 1-15) and between factor of group (nicotine extinguished with alcohol available, both extinguished) revealed a significant effect of day (F(1, 367)=24.43, p< 0.05), but not of group or an interaction, suggesting that animals receiving extinction of both drugs extinguished at a rate similar to those receiving extinction of only nicotine.
In the group in which responding for alcohol was extinguished but nicotine access was maintained, numbers of alcohol lever responses decreased significantly (c). The rate of extinction of responding for alcohol was significantly slower in these animals compared to those receiving simultaneous extinction of both drugs. An ANOVA done with the within factor of day (baseline, extinction days 1-15) and between factor of group (alcohol extinguished with nicotine available, both extinguished) revealed a significant effect of day (F(15, 366)=13.64, p<0.05) and a significant day×group interaction (F(15, 366)=2.359, p< 0.05). Post hoc analyses revealed significantly decreased responding on the alcohol associated lever on extinction days 2 to 15 in the group receiving extinction of both drugs but only on extinction days 5, 7-9, and 12-15 in the group with only alcohol extinguished.
Experiment 3b: effects of different extinction conditions on reinstatement of responding by priming injections of alcohol or nicotine in rats trained to coadminister both drugs
In animals where responding for both alcohol and nicotine was extinguished, nicotine induced a significant reinstatement of responding on the levers previously associated with each drug, compared to the saline baseline ( Fig. 6a ; nicotine lever: F(1, 21)=29.35, p<0.05, alcohol lever: F(1, 21)=22.42, p<0.05). Priming injections of alcohol in these animals induced a significant reinstatement of responding on both the nicotine and alcohol-associated levers (b; nicotine lever: F(1, 19)=5.87, p<0.05; alcohol lever: F(1, 19)=15.11, p<0.05).
In animals whose responding for nicotine was extinguished but received continued access to alcohol, injections of nicotine significantly reinstated responding for nicotine (F(1, 21)=26.72, p<0.05; c). Alcohol self-administration was not affected by priming injections of nicotine.
Priming injections of alcohol significantly reinstated responding on the lever previously associated with alcohol in alcohol-extinguished animals that received continued access to nicotine (F(1, 17)=7.57, p<0.05; d). Nicotine self-administration was unaffected by the alcohol prime.
Discussion
These experiments were done in order to determine whether rats would concurrently self-administer intravenous nico-tine and oral alcohol. Previously, the relationship between nicotine and alcohol self-administration has been investigated only with the technique of noncontingent injections of nicotine or alcohol in animals trained to self-administer the other drug. We found in the present series of studies that when both drugs were concurrently available, both nicotine and alcohol were self-administered in a stable manner, in amounts comparable to animals self-administering either of the drugs alone.
One of our goals was to determine how access to one drug affected responding for the other. We observed significant decreases in nicotine self-administration as a function of concurrent access to alcohol in animals trained to self-administer alcohol prior to nicotine and also when the order of training was reversed. Even though alcohol access resulted in significantly reduced responding for nicotine, animals continued to self-administer nicotine in amounts comparable to what is seen in animals selfadministering nicotine alone.
The decrements in nicotine self-administration were greater than for alcohol during coadministration. Results obtained using the progressive ratio schedule would have predicted the opposite since they show that alcohol is a weaker reinforcer than nicotine (Donny et al. 1999; Rodd et al. 2003; Shram et al. 2008) . A possible reason for this may be that the sedative or motor-impairing properties of alcohol reduce responding for nicotine . This may also summate with the mild sedative properties that have been described for nicotine (Brielmaier et al. 2007 ).
Interestingly, our findings are consistent with those from a study in rats trained to self-administer nicotine and cocaine concurrently (Manzardo et al. 2002) . Access to cocaine was found to reduce nicotine self-administration. It is not known whether this pattern would occur with nicotine in cases when it is coadministered with other drugs.
Previous work has demonstrated increased alcohol selfadministration induced by injections of nicotine (Le et al. 2000 (Le et al. , 2003 Olausson et al. 2001; Smith et al. 1999 ). We did not observe any evidence for nicotine-induced increases in alcohol self-administration when it was coadministered. One interpretation of this is that increases are observed when nicotine is administered noncontingently, but not when voluntarily self-administered. Another is that the doses used in the studies demonstrating nicotine-induced increases in alcohol self-administration are higher than those self-administered by the rats in our studies, although comparisons are difficult due to the different routes of administration.
Differences in the within-session pattern of responding for the two drugs may also help to explain why nicotine did not affect alcohol self-administration in animals with concurrent access. We found that the most of the alcohol reinforcements were earned during the first 10-15 min of the 1 h session, while nicotine reinforcements were earned more steadily across the session. These results are in agreement with previous descriptions of alcohol "loading" in the early portions of operant alcohol self-administration sessions (Williams and Broadbridge 2009) . Given this pattern, nicotine would not be expected to have a marked effect on alcohol intake. The use of longer session durations may help to reveal effects of self-administered alcohol or nicotine on the other drug.
We also determined how the continued availability of alcohol and nicotine affect extinction of responding for the other drug and compared these conditions to one where Responding of animals trained to coadminister nicotine and alcohol subject to different extinction conditions. a Mean (± SEM) responses on the nicotine and alcohol-associated levers in animals subject to extinction of responding for nicotine and alcohol (N=12). b Extinction of responding for nicotine with continued access to alcohol (N=11). c Extinction of responding for alcohol with continued access to nicotine (N=11). +, significantly different from the mean responses on the alcohol lever during the last 3 days of coadministration. *, significantly different from the mean responses on the nicotine lever during the last 3 days of coadministration responding for both was extinguished. This was done to help address the question of whether alcoholism or nicotine addiction or both should be treated when they occur comorbidly in humans. The few clinical studies on this issue have produced mixed results. Discontinuation of smoking may increases the chances of relapse to alcohol use (Kozlowski et al. 1989) . Another study found that alcoholics who continue to smoke may be more likely to relapse to alcohol (Stuyt 1997) . Others have reported that smoking cessation programs do not interfere with the success of alcohol treatment (De Soto et al. 1989) or that unaided smoking cessation might actually enhance the response to treatment for alcoholism (Karam-Hage et al. 2005) . The reasons for these discrepant results are not known. We found that animals trained to coadminister nicotine and alcohol showed a progressive decline in responding when the delivery of both drugs was withheld. Likewise, animals showed a decline in responding for nicotine when it was withheld, when alcohol was still available. Interestingly, when alcohol was withheld with nicotine still available, the extinction of responding for alcohol was delayed. One interpretation of this is that continued self-administration of nicotine prolongs the motivation to seek alcohol. This is consistent with work showing that nicotine users have lower recovery rates from alcoholism (Stuyt 1997) .
A potential explanation for the reduction in the rate of extinction of responding for alcohol in animals with continued access to nicotine deals with the interaction of nicotine with cues. Nicotine self-administration has been shown to be greatly potentiated when response-contingent cues are present (Caggiula et al. 2002) , and moreover, noncontingent injections of nicotine can increase responding for visual cues alone (Donny et al. 2003) . In our studies, the response-contingent visual and auditory cues were present during self-administration, extinction, and reinstatement. In this light, it may be that the selfadministered nicotine in this group potentiated responding for the cue previously associated with alcohol during the extinction sessions. Given the importance of responsecontingent cues in nicotine self-administration, it would be of interest in future studies to specifically examine their role in coadministration and in extinction and reinstatement after concurrent access.
Relapse or reinstatement in response to priming with the abused drug is another hallmark of addiction. Little is known about the effects of priming doses of nicotine or alcohol when their abuse is comorbid. We therefore Reinstatement induced by nicotine or alcohol primes in rats trained to coadminister nicotine and alcohol subject to different extinction conditions. Effects of priming with nicotine (a) or alcohol (b) in rats subject to extinction of responding for nicotine and alcohol. c Effects of a nicotine prime in rats that received extinction of nicotine but with continued access to alcohol (N=11). d Effects of an alcohol prime in rats that received extinction of alcohol with continued access to nicotine (N=9). Mean (± SEM) numbers of lever presses on the nicotine and alcohol-associated levers are presented. In each graph, the left bars represent baseline responding on the day prior to the priming test and the right bars responding on the priming test day. Nicotine (0.15 mg/kg, s.c.) was administered 15 min before the test. The alcohol prime comprised a noncontingent presentation of 0.19 ml of alcohol (12%, w/v) into the drinking cup at the onset of the test session. In experiment 3, ten rats were excluded from analysis due to catheter blockage and four due to failure to meet the extinction criterion. *p<0.05, significantly different from baseline determined the effects of nicotine or alcohol primes on responding in animals trained to coadminister whose lever pressing for nicotine, alcohol, or both was extinguished. In coadministering animals whose responding for both alcohol and nicotine were extinguished, priming injections of nicotine or presentation of alcohol reinstated responding on both the nicotine-and alcohol-associated levers. Continued access to nicotine or alcohol, while extinguishing responding for the other drug, did not make animals more or less susceptible to reinstatement by alcohol or nicotine primes, respectively. These results are consistent with findings in experimental animals that nicotine can reinstate extinguished responding for alcohol or nicotine and that alcohol priming induces reinstatement of responding for alcohol (Le et al. 1998 (Le et al. , 1999 (Le et al. , 2003 . They also show that alcohol can induce a modest reinstatement of responding for nicotine. An important limitation of these results is that the alcohol and nicotine training experiences differed among the various groups in experiments 1 and 2, making the interpretation of the observed between-group differences in responding problematic. A number of studies have shown that prior experience with drug may modify responding for that or another drug (Shoaib et al. 1997; Valadez and Schenk 1994) . In order to make unambiguous betweengroup comparisons, all animals should have identical nicotine and alcohol experience prior to assignment to the alcohol, nicotine, or coadministration groups. Future studies using the coadministration procedure are planned that will include groups whose drug experiences are rigorously equated in this way. Although this limitation may impact the interpretation of group comparisons, it does not diminish the primary goal achieved by these studies, the demonstration that rats will reliably self-administer alcohol and nicotine concurrently.
Groups of animals were run that received experience with only nicotine or alcohol, and their responding was compared with coadministering animals. These "single drug" groups were trained using the routine training procedures of our laboratory. This comparison is important as it allows the comparison of the behavior of coadministering animals to our previously published findings with alcohol or nicotine alone.
Additionally, although training differences among the groups may impact between-group comparisons, it is less of a problem for contrasts made within a particular selfadministration group. A major effect we demonstrated in terms of the relationship between alcohol and nicotine was a reduction in nicotine self-administration when alcohol was made available concurrently. We found this using both within-and between-group methodologies.
Another limitation is that the blood alcohol levels of animals coadministering nicotine and alcohol were not compared with those self-administering alcohol alone. As mentioned earlier, we recorded the numbers of reinforcements obtained and determined reinforcements consumed by measuring the alcohol left in the receptacle at the termination of all co-and self-administration sessions involving alcohol. We have noted that the consumption of 16-18 reinforcements (each 0.19 ml of 12%, w/v alcohol) yields blood alcohol concentrations of about 70 mg/dl. These studies employed a relatively short session length (1 h). It could be argued that this duration does not adequately model human nicotine and alcohol consumption, as humans typically coadminister these drugs over much longer time periods. An extension, therefore, would be to examine coadministration of the two drugs in longer sessions. We have collected preliminary data, comparing coadministration in 1-and 2-h sessions, and find that animals do self-administer significantly more alcohol and nicotine in sessions of the longer duration.
In the studies presented here, single doses of i.v. nicotine and oral alcohol for self-administration were used. One extension of the present work, therefore, is to determine how different self-administration doses of alcohol and nicotine influence the relationship between the two drugs during coadministration. Such studies may help shed light on the reductions in nicotine self-administration observed when alcohol was concurrently available. Another extension would be to test the effects of drugs used to treat alcohol or nicotine addiction on the coadministration of these drugs. This model would be advantageous in determining the most effective means to treat comorbid nicotine and alcohol addiction.
To summarize, the most important finding in these studies is that rats will self-administer significant amounts of nicotine intravenously and alcohol orally when the two drugs are concurrently available. The results of these experiments lay the groundwork for the development of an animal model of nicotine and alcohol co-abuse.
